Conjugated linoleic acids (CLAs) affect body fat gain, carcinogenesis, insulin resistance, and lipid peroxidation in mammals. Several isomers of CLA exist, of which the (9Z, 11E) and (10E, 12Z) isomers have beneficial effects on human metabolism but are scarce in foods. Bacterial polyunsaturated fatty acid isomerases are promising biotechnological catalysts for CLA production. We describe six crystal structures of the Propionibacterium acnes polyunsaturated fatty acid isomerase PAI in apo-and product-bound forms. The three-domain flavoprotein has previously undescribed folds outside the FAD-binding site. Conformational changes in a hydrophobic channel toward the active site reveal a unique gating mechanism for substrate specificity. The geometry of the substratebinding site explains the length preferences for C18 fatty acids. A catalytic mechanism for double-bond isomerization is formulated that may be altered to change substrate specificity for syntheses of rare CLAs from easily accessible precursors.
C
onjugated linoleic acid (CLA) has been reported to regulate body fat gain, inhibit carcinogenesis, and modulate the immune response and insulin tolerance in animals and humans (1, 2) . These effects are mediated mainly by the CLA isomers (9Z, 11E) and (10E, 12Z), further called 9,11-CLA and 10,12-CLA. The main sources of CLA in the human diet are meat and milk from ruminants (3) . CLA and other conjugated fatty acids are produced in vivo by double-bond isomerization of polyunsaturated fatty acid (PUFA) precursors (4) (5) (6) . Isomerase activity was found in bacteria (4) and algae (5, 6) . The beneficial effects of CLA in treatment of cancer and multifunctional diseases such as obesity and diabetes have raised interest in enrichment of the human diet with these fatty acids by biotechnological means. Because the currently available sources for CLA are ill-defined mixtures of several isomers, a detailed analysis of CLA effects requires synthesis of the pure isomers (1, 2) . Chemical methods for pure CLA isomer production are expensive, and CLA production by recombinant bacterial enzymes offers an alternative. However, CLA production by this avenue requires optimization of the existing enzymes, which accept only free fatty acids instead of lipids (7) . The fatty acid isomerase from Propionibacterium acnes (PAI), which catalyzes the isomerization of linoleic acid (LA) to 10,12-CLA, is a promising candidate for this approach (Fig. 1a) .
The isomerization reaction of CLA is conceptually simple, requiring abstraction of a hydrogen radical or anion from C11, followed by a double-bond shift and rehydrogenation at either C13 or C9 (Fig. 1a) . However, the underlying mechanism of the conversion of the pentadienyl moiety into a conjugated diene is poorly understood. To date, biochemical studies were reported for PUFA isomerases from Butyrivibrio fibrisolvens (BFI) (8, 9) and the red alga Ptilota filicina (PFI) (6, 10) . PFI presumably contains a flavin adenine dinucleotide (FAD) cofactor (6) , and sequence analysis of PAI reveals homology to dinucleotide-binding domains present in FAD-containing aminooxidases. However, no structure of any PUFA isomerase is currently available to put the available biochemical data on a structural basis and to determine how FAD can catalyze the nonredox PUFA isomerization.
We determined the crystal structure of PAI to define the active site and extract a structure-based mechanism for polyenoic fatty acid isomerization. PAI is an FAD-containing monomer consisting of three intricately connected domains. The N-terminal domain shares similarity with modules found in other FAD-binding proteins, and the overall fold is in part similar to yeast polyamine oxidase (11) . The geometry of the substrate-binding pocket determined for the PAI-LA complex reveals that fatty acid is bound with the methyl end inside and delineates the residues that are involved in the stabilization of reaction intermediates. Because the activity of heterologously produced isomerases in bacteria and plants on fatty acids is still unsatisfactory (6, 7, 10, 12) , the PAI structure can serve as a framework for engineering of the substrate specificity such that not free fatty acids but plant oils are directly converted to PUFAs.
Results
PUFA isomerase from P. acnes, a commensal of human skin, is a yellow-colored monomeric enzyme of 424 residues. Absorption spectroscopy and HPLC analysis (data not shown) revealed the presence of a noncovalently bound oxidized FAD, which is retained during crystallization (Fig. 1b) . The structure of PAI was determined in-house by the single isomorphous replacement with anomalous scattering method (see Materials and Methods) using iodide as the heavy atom and refined to a resolution of 1.95 Å. Five more crystal structures of PAI in space groups I2 1 3 and C2, and either in the apoform or bound to products or polyethylene glycol (PEG) 400, were subsequently determined by molecular replacement and refined to resolutions of 2.25 Å or higher ( Table 1) . The maximum rms deviation within these structures is 0.3 Å, independent of crystal lattice or complex state, thus eliminating crystal-packing artifacts on the conformation of PAI.
Structure Description. PAI comprises three intricately connected domains. Domain 1 (residues 1-77, 196-275, and 371-424) is a mixed ␣͞␤ FAD-binding domain, domain 2 (residues 78-195) is predominantly ␣-helical, and domain 3 (residues 276-370) comprises a four-stranded ␤-sheet interspersed with two ␣-helices (Fig.  1c) . Domain 1 closely resembles a variant of the Rossmann fold for dinucleotide binding found in the glutathione reductase family GR 1 (13) , consisting of a central four-stranded parallel ␤-sheet sur-rounded by two ␣-helices. The conserved GxGxxG(x) 18 E motif of the GR 1 family, which contains the P-loop and a glutamate residue that bind to the phosphate and ribose moieties of FAD, respectively, is located within the first 37 N-terminal residues of PAI. This region is highly conserved among GR 1 -flavoproteins and also contains several residues that engage in hydrophobic contacts with FAD (see Fig. 5 , which is published as supporting information on the PNAS web site). Accordingly, the closest structural homologues of PAI domain 1 identified by the DALI program (www.ebi.ac.uk/dali) are FAD-containing oxidoreductases and isomerases such as yeast polyamine oxidase (11) and UDP-galactopyranose mutase (12) , with Z-scores of 24.9 and 15.5, respectively (Fig. 1d) . The closest non-flavin-containing structural homologue is the guanine nucleotide dissociation inhibitor (GDI) (Fig. 1d) with a DALI Z-score of 13.1 (14) . Because GDI does not bind FAD, the reason for its close structural homology to flavoproteins is unclear.
PAI domains 2 and 3 have no structural homologues in the DALI database but display a roughly similar organization as in UDPgalactopyranose mutase and polyamine oxidase [Protein Data Bank (PDB) ID codes 1I8T and 1B37] (Fig. 1d) with high rms deviation values of 12 Å after superposition of all C ␣ atoms. A narrow, C-shaped channel of Ϸ30 Å length is formed by domains 2 and 3 and stretches from the surface of PAI toward the isoalloxazine ring of FAD. Thus, whereas domain 1 binds to FAD, domains 2 and 3 are responsible for substrate binding and specificity, as well as completion of the active site (see below).
FAD Cofactor. Electron density maps calculated with unbiased single isomorphous replacement with anomalous scattering phases unambiguously revealed the FAD cofactor (Fig. 1b) , which adopts an extended conformation and orients its re-face toward the active site. As in other flavin-containing enzymes, the catalytically active isoalloxazine ring is buried in a hydrophobic pocket and inaccessible to bulk solvent. The ring is bent such that the pyridoxine and xylene moieties adopt a 23°angle (Fig. 1b) . A similar deviation of isoalloxazine from planarity was described for cholesterol oxidase (PDB ID code 1MXT), polyamine oxidase, and trimethylamine dehydrogenase (PDB ID code 1DJN). Although the flavin ring of FAD entertains only three direct hydrogen bonds (H-bonds) with PAI, it is contacted by 9 hydrophobic residues with a total of 62 van der Waals contacts, underscoring the hydrophobic nature of the FAD-binding pocket. In flavin-containing oxidases, the FAD N5 atom is usually H-bonded to a protein main-or side-chain atom (15) . This feature is absent in PAI, and the space in the vicinity of N5 is part of the substrate-binding site.
Fatty Acid Binding Mode. To reveal the exact binding mode of PUFAs, PAI was cocrystallized with LA (PDB ID code 2BAB; Table 1 ) and ␣-linolenic acid (LnA) (PDB ID code 2BAC). The identity of the fatty acid (for instance, the substrate LA or the product 10,12-CLA) cannot be judged from electron density because both LA and CLA can adopt a planar conformation of C9 to C13 carbons (Fig. 2a) . Thus, GC-MS analysis was used to confirm the nature of the fatty acid in the crystals (see Fig. 6 , which is published as supporting information on the PNAS web site). In case of cocrystallization with LA, the crystals contained exclusively the product 10,12-CLA, indicating turnover of the substrate before crystallization. The structure of the PAI-product complex is an important hallmark of the catalytic cycle and also illuminates the principles of substrate binding.
CLA adopts a strongly bent U-shape when bound to PAI such that C1 and C18 are only 9.4 Å apart (Fig. 2a) . This bent conformation is imposed by Met-62, which functions as a rigid pole around which the fatty acid hydrocarbon chain wraps (Fig. 2b) . Only small conformational changes of PAI side chains and FAD accompany fatty acid binding. The hydrocarbon chain of the fatty acid displaces the isoalloxazine ring of FAD by up to 0.7 Å relative to its position in the apostructure. Likewise, Phe-168 rotates around 2 by Ϸ25°a nd moves away from the fatty acid by up to 1.5Å compared with the apostructure (Fig. 2b) . The result is a coplanar orientation of the pentadienyl moiety of the fatty acid with FAD and Phe-168, which puts the site of hydrogen abstraction, C11, in 3.2-Å distance to the electrophilic FAD atom N5. The carboxylate of CLA is H-bonded to Arg-88 and Tyr-297, which shifts closer toward the fatty acid by 0.4 Å in the complex structure. The entrance of the substrate channel is blocked by parallel -stacking of Arg-88 and Phe-193, excluding water from the active site ( Fig. 2 b and c) .
Up to four water molecules are displaced from the vicinity of the isoalloxazine moiety upon substrate binding. Exclusion of water by substrate binding is essential to prevent side-reactions with electrophilic intermediates that are proposed in the catalytic cycle (see below). A similar water-exclusion mechanism by substrate binding has been described for polyamine oxidase (16) and acyl-CoA dehydrogenases (17) .
We also determined the structure of PAI in complex with conjugated LnA (CLnA), a C18 fatty acid containing three double bonds (Fig. 2c) . The structure of the PAI-CLnA complex comprises all salient features of the PAI-CLA complex with the exception of the conformation of the methyl end of CLnA, which apparently is mobile as judged from increased B-values in this region (Fig. 2c) . Structural plasticity is also apparent for the conjugated triene moiety of CLnA, which is displaced by 0.6 Å relative to CLA. Such shifts of the fatty acid may be required for efficient H-atom transfer during catalysis. Importantly, a 418-Å 3 cavity is located at the methyl end of the fatty acid, which could accommodate two more carbon atoms, and extends the substrate palette for PAI toward C20 and C22 PUFAs (7). Gating Mechanism for Substrate Entry. A hallmark of FADcontaining proteins is a buried cofactor, which requires substrate to enter through a channel that can be as long as 30 Å. The electrostatic potential of PAI reveals a positively charged patch generated by residues Lys-85, Arg-87, Lys-102, and Arg-195 near the entrance of such a channel that leads to the FAD cofactor (Fig. 3a) . This positive patch may serve as an initial recognition site for the negatively charged carboxylate group of fatty acid substrates. Three structures of PAI (PDB ID codes 2B9W, 2B9X, and 2BA9) were determined from crystals of space groups I2 1 3 and C2 (Table 1) , all of which include a PEG 400 molecule. PEG 400 is located inside the channel between domains 2 and 3 that stretches from the surface of PAI to the FAD cofactor (Fig. 3b) . The channel is lined by hydrophobic residues, congruent with the hydrophobic nature of PAI substrates. The absence of hydrophilic contacts to PEG 400 and of alternative paths from the surface to the PAI active site shows that PEG 400 mimics a fatty acid hydrocarbon chain and, therefore, precisely delineates the path to the substrate-binding site. However, PEG 400 is an inhibitor rather than a substrate or product analogue because, unlike LA or LnA, it does not completely enter the active site (Fig. 3c) .
Flavoproteins can exclude water from the substrate-binding and active site by various gating mechanisms that include domain movements, mobile loops, and also side-chain switches (15) . Comparison of the PEG 400-bound structures with the apostructure (PDB ID code 2B9Y) revealed that the latter option is realized in PAI. Superposition of these structures shows that only Arg-88 and Phe-193 change their side-chain conformations when PEG 400 enters the channel, and, thus, these residues function as a gate. In the presence of PEG 400 the side chains of Arg-88 and Phe-193 are oriented away from the channel and in the ''open'' position. However, in the apoform or after fatty-acid binding, these residues swing back into the ''closed'' position and block the entry channel to the active site (Fig. 3c) . The two positions are characterized by a rotation of the Phe-193 side chain by 78°around 1 and a reorientation of the Arg-88 side chain, which leads to distances of 11.1 and 3.3 Å, respectively, between the tips of each side chain in the open and closed states.
Closure of the gate is driven by the substrate itself. Arg-88 can H-bond to the carboxylate group of the substrate only in the closed state. Phe-193 switches back to the closed state and stacks onto the guanidinium group of Arg-88 in a -cation interaction. In addition, the hydrocarbon chain of the bound substrate displaces from the open position. This mechanism of gate closure may help to select fatty acid with a maximum chain length: If a fatty acid with a long hydrocarbon chain displaces Phe-193 before the carboxylate is bound by Arg-88, it is either no or only a poor PAI substrate. Interestingly, PAI also catalyzes conjugated triene formation from LnA but not from ␥-linolenic acid (␥-LnA) (18:3 ⌬6Z,⌬9Z,⌬12Z ). The double bonds in ␥-LnA are shifted by three carbon atoms toward the C terminus compared with LnA (7). Thus, the distance between the lock and FAD can explain positional specificity of PAI: -3 PUFAs yield a mixture of diconjugated and triconjugated products because the hydrogen atom can be abstracted from either C11 or C14. However, in -6 fatty acids, C11 and C8 would have to be attacked, but C8 is located too far from FAD, and conversion of -6 fatty acids leads to sole formation of the diconjugated fatty acid derivative. 
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Structure-Based Mechanism of Fatty Acid Isomerization. Biochemical studies on PFI, which presumably contains a FAD cofactor, have suggested that this enzyme operates by means of transfer of the 11-pro-S hydrogen of ␥-LnA to the C13 position along with the removal of the 8-pro-R hydrogen and protonation at C11, resulting in isomerization of two double bonds (6, 10) . Given the space restriction of the fatty acids when bound to PAI (Fig. 2) , any movements of substrate and products should be on a small scale of Ϸ2 Å. Therefore, the C11 pro-R hydrogen of LA would point directly toward FAD atom N5 in the initial PAI-substrate complex, ready for abstraction as the first step of the isomerization reaction.
To date, several examples of flavoenzymes catalyzing reactions with no net redox change via one-or two-electron transfer are known (18) . A main issue regarding isomerization of PUFAs by PAI is whether the catalytic mechanism is radical or ionic. Both the radical and anionic intermediate of the isoalloxazine ring are stabilized by -conjugation, which makes distinction between these alternative reaction routes difficult (15) . However, in PAI a more efficient stabilization of a cationic intermediate is provided by the edge-on sandwiching between FAD and Phe-168. Likewise, the negative charge on FAD can be efficiently stabilized by PAI. It has been noted before that the N1-C2AO2 locus of the isoalloxazine ring in flavoproteins is Ϸ3.5 Å to a positively charged residue or the N terminus of an ␣-helix dipole, which can stabilize a negative charge on FAD during catalysis (15, 18) . In PAI, such a charge is partially neutralized by the dipole of the C-terminal ␣-helix (residues F408-F422), which has counterparts in UDP-mutase and polyamine oxidase (Fig. 1d) . In conclusion, the possibilities of -cation and helix dipole stabilization of a substrate carbocation render an ionic reaction mechanism extremely likely.
Readdition of a hydride at C9 then fixes one of three possible mesomeric structures as the product (Fig. 4a) . For this hydride addition, either the substrate or FAD must shift by 2.6 Å from the central C-atom (C11 in case of LA) to C9. Because FAD is tightly bound to PAI by numerous interactions, the intermediate is likely to move after hydride abstraction. Structural plasticity of the bound fatty acid is already apparent from comparison of the two product complexes (Fig. 2c) , and the intermediate probably shifts in the plane of the pentadienyl moiety during catalysis. Independent proof that the same hydrogen atom abstracted by FAD is transferred back to LA at C9 will come from analyses with C11-dideuterated LA as the substrate. It is very likely that PAI follows a similar catalytic mechanism to that described for PFI (5). 
Discussion
PAI represents the third structure of a carbon-carbon double bond isomerase, but its reaction mechanism is entirely different from that of the other two enzymes: Isopentenylpyrophosphatedimethylallylpyrophosphate isomerase is a flavoprotein with bound flavin mononucleotide (FMN) but also requires NADPH. ⌬ 3 -⌬ 2 -enoyl-CoA isomerase uses a glutamate residue as the catalytic base for proton abstraction from a carbon atom next to an activating carbonyl group of the fatty acid. There is no structural similarity between these isomerases and PAI. Rather, the domain arrangement in PAI resembles that of UDPgalactopyranose mutase, which probably operates by means of a sugar radical (12, 19) , and therefore its mechanism will not bear any resemblance to the mechanism used by PAI. Thus, the PAI structure is a prototype for PUFA isomerases and can serve as a framework for PUFA isomerization in general.
Hitherto, the only crystal structure of an enzyme bound to free PUFA is prostaglandine endoperoxide H synthase-1 (PDB ID codes 1IGX, 1IGZ, and 1FE2) (20) , but the overall shape of the fatty acid and the mode of carboxylate recognition is different from PAI. In PAI, residues Arg-88 and Phe-193 act as a lock, fixing the carboxylate of the fatty acid near the entrance of the active site. The positive potential on the PAI surface generated by Lys-85, Arg-87, Lys-102, and Lys-195 reveals a site for initial recognition of substrate carboxylate groups. Similar to PAI, BFI and PFI prefer a carboxylic group over methyl esters as substrates (5, 7, 9) , and PFI also contains FAD (5). Thus, the Arg-Phe lock is likely a general feature of FAD-containing PUFA isomerases.
An important aspect of the reaction mechanism is how the hydrogen transfer occurs during catalysis. The close distance between C11 and N5 of FAD in the 10,12-CLA-PAI complex strongly suggests that FAD acts as a hydrogen-abstracting electrophile. Because no cysteine, tryptophan, or acidic residues are present in the active site, non-FAD redox and proton abstraction processes can be excluded. Both in PFI and BFI, atom C11 was shown to be the hydrogen abstraction site (5, 9). The chain length preferences for different isomerases could be explained by a fixed distance between FAD and the substrate carboxylate, which is 11 carbon atoms in the case of LA, LnA, and ␥-LnA and 10 carbon atoms in the case of arachidonic or eicosapentadienoic acid (7).
Given these biochemically derived length criteria and the coplanar positioning of the polyene moiety with FAD, we suggest that the first step in the catalytic sequence for PAI, in analogy to BFI and PFI, is abstraction of the pro-R hydrogen atom from C11 by the FAD N5 atom (Fig. 4b Upper) . C11 of CLA and FAD N5 are 3.2 Å apart and assuming a similar spatial arrangement for LA (Fig.  2a) , the C-H bond would be aligned with the lowest unoccupied molecular orbital of FAD enabling hydride transfer to N5. The intermediate carbocation is then stabilized by stacking with the Phe-168 and flavin aromatic systems, and the isomerization of the C9-C10 double bond occurs by regiospecific hydride transfer to the pro-R position, which completes the catalytic cycle. The preferred direction of the allylic shift is explained by the relative position of Phe-168 and the carbocation. Because the phenyl ring is closer to the C10-C9 bond, the mesomer with a partial positive charge on C9 will be more stable, and the (10E, 12Z)-isomer will be fixed by hydride transfer from FAD. Indeed, GC-MS data with (11S)-deutero ␥-LnA as PFI substrate showed that deuterium transfer occurs from C11 to C13 (5) . The question as to the stereochemistry of this transfer can be answered by the mode of fixing of the fatty acid in the PAI active site. Because a complete reorientation of the fatty acid other than a shift along the direction of the carbon chain during catalysis is impossible, the pro-R positions at both sites must be involved. For conjugated triene formation as in case of LnA, a second hydrogen abstraction is required at C14. Inspection of the active site in the PAI-CLnA complex does not reveal significant differences compared with the apoenzyme, suggesting that substrate shifting occurs during the catalytic cycle to bring C14 close to FAD N5. Protonation at C10 then would complete the reaction for the triene isomerization.
The mechanism described here allows comparison of PUFA isomerases in terms of regiospecificity and stereospecificity. First, for all three enzymes C11 in case of C18-PUFAs is the site of hydrogen abstraction. This hydrogen is then transferred back to C9 (PAI) or C13 (BFI, PFI). Assuming that the active sites in BFI and PFI have similar architectures to PAI, including FAD and an aromatic residue for stabilization of the intermediate carbocation, the regiospecificity of isomerization could be determined by positioning of the aromatic residue (Phe-168 in PAI) relative to C9 and C13. Furthermore, the abstraction and readdition of the bis-allylic hydrogen is regiospecific, i.e., from the same side of the pentadienyl system. The 11-pro-S hydrogen is abstracted from ␥-LnA and transferred to C13 for PFI, but the stereochemistry of the product was not determined (5) . For BFI, hydrogen transfer from C11 to the pro-R position at C13 was demonstrated, but no data on the stereospecificity are available (9) . Although structural data on PFI and BFI are lacking, these data strongly indicate that the orientation of fatty acid in PFI and BFI is opposite to that in PAI. This goal can be achieved either by reverse head-to-tail orientation or by positioning of the fatty acid with the si-face toward FAD.
In summary, the structures of PAI and the PAI-CLA and PAI-LnA complexes reveal three determinants for regiospecificity and stereospecificity of PUFA isomerases: (i) the distance between the Arg-Phe lock and the N5 atom of FAD, (ii) the orientation of the fatty acid in the binding pocket of the enzyme, and (iii) the position of a stabilizing aromatic residue relative to the intermediate carbocation. As a long-term goal, site-directed mutagenesis of Arg-88 and Phe-193 in PAI to small, hydrophobic residues should therefore increase the enzyme affinity toward lipids rather than fatty acids and create lipid-specific isomerases with desired specificity.
Materials and Methods
Protein Production and Purification. PAI was cloned in pGEX 6-1, overproduced in Escherichia coli BL21(DE3), and purified at 4°C as a GST-fusion containing a PreScission protease site as described in ref. 7 . Briefly, cells were disrupted by sonication in 10 mM Tris⅐HCl (pH 8.0)͞150 mM NaCl͞1 mM EDTA͞2 mM DTT͞1.5% N- laurylsarcosine. The supernatant was adjusted to 2% Triton X-100 and GST-PAI was bound to glutathione (GSH) Sepharose, washed with 100 mM Tris⅐HCl (pH 7.5)͞150 mM NaCl and eluted with 100 mM Tris⅐HCl (pH 7.5)͞150 mM NaCl͞1 mM EDTA͞2 mM DTT͞0.01% Triton X-100͞20 mM GSH. The fusion protein was cleaved with PreScission protease during dialysis against 50 mM Tris⅐HCl (pH 7.5)͞30 mM NaCl͞1 mM EDTA͞2 mM DTT. Anion exchange chromatography on Source 30Q (Amersham Pharmacia) equilibrated in the above buffer was used to separate PAI from GST. PAI was concentrated to 10 mg͞ml in 20 mM Hepes͞NaOH (pH 7.5) by ultrafiltration (Amicon). Protein concentration was estimated by absorption using a calculated 280 (24) was used for manual model building. Refinement was performed with REFMAC5 (25) with the same set of 5% of reflections reserved for R free cross-validation (26) against data truncated at 1.95-Å resolution. All other PAI structures were determined by molecular replacement using the first PAI structure as the starting model. The quality of the models was assessed with PROCHECK (27) and WHATCHECK (28) . Data collection and refinement statistics are summarized in Table 1 . Possible H-bonds, salt bridges, and van der Waals contacts were detected with HBPLUS (29) and CONTACSYM (30) using default parameters. Secondary structure was assigned with STRIDE (31) . Structure figures were created with BOBSCRIPT (32) and rendered with RASTER3D (33) or PYMOL (www.pymol.org). 
